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INTERMITTENCY AND STRUCTURE OF A JET EXHAUSTING INTO A STRATIFIED FLUID
A. Brandt, H. E. Gilreath, C. L. Yates, C. R. Walton
Applied Physics Laboratory
The Johns Hopkins University
8621 Georgia Avenue
Silver Spring, Maryland 20910
ABSTRACT
This preliminary study of the mechanism by 
which local turbulent regions generate internal 
gravity waves in a stably stratified fluid is 
based on comparisons of the visual and hot-film- 
anemometer observations of a jet exhausitng into 
a stratified fluid with those for a jet exhausting 
into a homogeneous medium. The stratified environment 
limits the growth of the mean jet boundary, or 
from another point of view, inhibits the vertical 
motion of the instantaneous turbulent/non-turbulent 
interface. The visual and non-conditional statis­
tical averages agree with expectations and with 
previous measurements in stratified turbulent wakes. 
Application of a standard criterion to determine 
the intermittency function for both the stratified 
and homogeneous cases gives conflicting results. 
Modification of the intermittency trigger level 
in the stratified case based on the local turbu­
lence intensity ratio resolves this conflict and 
indicates that the effect of stratification on 
the local turbulence properties must be taken into 
account if the conditionally averaged details of 
these flows are to be studied further.
INTRODUCTION
Throughout the history of applied fluid 
mechanics there has been considerable interest in 
internal waves in stratified fluids because they 
arise in many atmospheric and oceanographic situa­
tions of practical interest. One important source 
of these waves is motion associated with turbulent
regions arising from the presence of an obstacle 
in the flow field, such as the familiar mixing in 
the lee of a mountain. In a study of turbulence 
in a stably stratified atmosphere Townsend (1) 
considered the interaction between the temperature 
and velocity fields and deduced an estimate of 
the critical Richardson number at which a collapse 
of the turbulent motion would occur. Some experi­
mental results illustrating this collapse were 
also presented. Subsequently, Schooley and 
Stewart (2) photographically demonstrated the 
collapse of the wake of a self-propelled body 
submerged in a density stratified fluid, and made 
some measurements related to the internal wave 
field generated by the wake. Pao (3) has con­
siderably extended these previous studies to 
include turbulence measurements, for both velocity 
and density fluctuations in the wake of a towed 
body in a stratified fluid. These experiments 
clearly indicate the intimate relationship between 
the turbulent wake and the internal wave field.
Other somewhat relevant studies of the wake collapse 
process have been summarized in the recent studies 
on the mixing process in the presence of density 
differences, e.g., Brown and Roshko (5)and Turner (4).
The classical picture of the collapse of a 
mixed region in a stratified fluid and the subse­
quent generation of internal waves is illustrated 
in Figure 1. In this situation, the forces due 
to the density difference between the mixed and 
neighboring ambient regions act to collapse the
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GENERATION OF INTERNAL WAVES 
BY~A COLLAPSING WAKE
p  = CONST.
Figure 1. Generation of internal waves by a col laps 
ing wake
Figure 2. Stratified wake development at fixed posi­
tion behind moving body
mixed region to a state of hydrostatic equilibrium. 
This motion in turn disturbs the surrounding fluid 
causing a propagating distortion of the constant- 
density surfaces. While this model is plausible, 
and can in fact be closely simulated in the labora­
tory, previous experiments on the wake of a towed 
body in a stratified fluid performed at APL (as 
well as similar experiments reported by Pao (3)) 
have shown that it over-simplifies the basic 
mechanism, and further suggested that an important 
source for the generation of internal waves may be 
tied to the intermittent structure of the turbu­
lent region. A sequence of photographs taken at 
a fixed spatial position in the wake of a body 
moving in a stratified fluid is shown in Figure 2. 
Most apparent in these photographs is the decrease 
in the amplitude of excursions of the turbulent 
"puffs" with time. The differences between the 
vertical structure of turbulent wakes in strati­
fied and homogeneous (non-stratified) fields are 
illustrated by Figure 3. The stratified data 
were obtained from the test shown in Figure 2.
The considerable effect of the ambient stratifica­
tion in limiting the vertical growth of the mixed 
region is clear. That the stratification even 
more drastically reduces the turbulent, inter­
mittent excursions is illustrated by the decreas­
ing standard deviation about the mean wake width.
At these large downstream distances the buoyant 
forces, due to the fluid stratification, become 
significant in relation to the inertial forces 
and the turbulent "puffs" fall back toward the 
centerline. The induced motion in the inviscid 
part of the flow can then couple into internal 
waves.
To begin to study this coupling between 
turbulence and internal wave generation, a series 
of tests was undertaken with a jet exhausting 
into an ambient stratified fluid. In the past, 
numerous studies of the free turbulent shear 
flow due to a jet exhausing into a homogeneous 
fluid have been performed (6-8), but the added 
difficulties associated with maintaining a uniform 
and undistorted ambient stratified field make 
turbulence measurements in such an environment 
decidedly more complex. In the work reported
here only one series of experiments at a single 
downstream location was performed in both a 
stratified field, and the corresponding unstrati­
fied environment. While these experiments are 
considered to be preliminary, the results indicate 
some interesting differences in the turbulent 
structure due to stratification. It is hoped that 
an early report of the work may be helpful to 
others involved in this intriguing and important 
area.
EXPERIMENTAL CONFIGURATION
The experiments were performed in the APL 
saline-stratified tank facility shown schematically 
in Figure 4. The tank is 30 feet long and has a 
test section 6 feet in width. The test conditions 
for both the stratified and homogeneous cases are 
also indicated in this figure. The weak saline 
stratification used was 1.2 ppt/in. (specific 
gravity change = 0.13%/in.) with the jet density 
matched to that of the ambient fluid at the exit 
depth. The jet exit diameter (d ), flow rate and 
Reynolds number were 0.386 cm, 26.8 cc/sec and 
8728, respectively.
Turbulence measurements were made using a 
four-probe rake consisting of two quartz-coated, 
parabolic, hot-film anemometers and two single 
electrode conductivity probes (in the stratified 
case only). The latter were used to measure 
density fluctuations. The data were taken at an 
axial location (x) corresponding to x/dQ = 80.4.
At this position the internal Froude number (F = 
u/Nb, N = [- g/p dp/dz]^2) based on the local 
mean flow and jet width was 8.4. (Note that F 
decreases with distance, so that the buoyant forces 
become more important as the distance from the jet 
exit increases.) To obtain profile data, measure­
ments were made at three radial positions for the 
stratified case (limited by the available run time) 
and at five positions for the homogeneous case. *
*_
u, b, and N are the local values of mean velocity, 
jet width and Vaisala frequency, respectively, at 
the measurement location, dp/dz is the change in 































Figure 3. Turbulent front development - stratified 
wake
APL TOWING TANK FACILITY
Figure 4. Schematic diagram of test configuration
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Calibration of the hot-film probes was performed 
in the tank immediately prior to each run using a 
variable-speed traversing carriage on which the 
probes were mounted. The sensitivity of the hot- 
film probes to salinity concentration was checked 
using jets of equivalent and considerably higher 
concentrations than those employed in the tests.
No variations of the probe outputs with concentra­
tion were observed. The conductivity probes were 
calibrated by displacing them about their normal 
positions (static calibrations). The data from 
the conductivity probes have not been fully reduced 
at this time (since it is suspected that they are 
subject to dynamic response corrections) and will 
not be discussed herein. The anemometer data 
provide the basis for the comparison of the 
stratified and homogeneous cases.
DATA ANALYSIS
As determined from a prior series of prelimi­
nary tests, 60-second data samples were found to 
be ample for obtaining sufficient statistical 
quality for the turbulence properties. Therefore 
about 60 seconds of data was obtained for each 
probe position. The total run time was limited by 
the onset of background disturbances arising from 
the recirculation pattern in the tank, so that 
measurements at only three rake locations were 
possible during each run for the stratified case. 
The homogeneous counterpart was not as severely 
limited by the background, and information at five 
radial positions could be recorded. The signals 
were recorded on magnetic tape in analog FM form 
and subsequently digitized and analyzed by digital 
techniques. A digital sampling rate of 200 Hz was 
found adequate to represent the data for the pre­
sent purposes, i.e., the energy-containing spectral 
range was adequately sampled.
Two samples of the reconstructed digitized 
signal are shown in Figure 5. The first exhibits 
little intermittency while the second is highly 
intermittent. Shown beneath each is the inter­
mittency function (I) - equal to 1 for turbulent 
flow and 0 for non-turbulent flow. The intermit­
tency function was first determined in standard
fashion, using a criterion based on the instantane­
ous derivative of the velocity signal. Based on I, 
the intermittency at each position (y ), condi­
tionally averaged turbulent and non-turbulent 
properties were computed (in addition to the usual 
overall statistical properties). The velocity 
derivative was computed at each point along the 
digitized (200 Hz) record by considering the change 
in magnitude of the signal over a five data point 
range (50 Hz interval), and compared to the 
specified trigger level to determine tne inter­
mittency function. The resulting step function was 
then smoothed by eliminating steps (turbulent or 
non-turbulent bursts) of less than five successive 
points giving an intermittency criterion based 
effectively on a 50Hz frequency range. This range 
as well as the value of the criterion itself 
(trigger level) was chosen to give a reasonable 
visual fit to the intermittent anemometer signal. 
The uncertainty involved in the selection of an 
appropriate value for the trigger level, and 
indeed the selection of the criterion itself, is a 
familiar problem which has been cogently discussed 
by Kline (9). At present, however, only a compari­
son between the stratified and homogeneous cases 
is at issue, although as will be discussed below 
the use of the same fixed criterion for both 
situations has been found to be inappropriate.
RESULTS
Effects of Stratification on Jet Growth and on 
Intermittency Distributions - Time exposures (30 
sec) of a shadowgraph projection of the jet impreg­
nated with dye were taken to show the mean jet 
growth. For the homogeneous case the effluent jet 
grew as expected (6-8)(roughly proportional to x, 
the distance from the jet exit) as shown in Figure 
6a. In contrast, Figure 6b shows how the vertical 
growth of the stratified jet is inhibited, and, in 
fact, eventually ceases. This, of course, is due 
to the effect of the buoyancy forces at distances 
far downstream.
The detailed structure of the turbulent front 
is shown in Figure 7, which has been reproduced 
from selected frames of a 30 frame/sec motion
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r= 0.95 , r/ry2 = 0.43
200 POINTS, 1.0 SEC
1 r ' — ---- -
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Op
Y = 0.51 , r/ry2 = 0.55
Figure 5. Instantaneous digitized velocity and 
intermittency function
Figure 6a. Time average photograph - homogeneous case
Figure 6b. Time average photograph - stratified case
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picture of the shadowgraph projection of the jet 
flow.* Note that these and the previous photo­
graphs, Figure 6, were taken in the vertical plane. 
The jet structure and growth in the horizontal 
plane may also be affected by the vertical strati­
fication, although only indirectly. Future tests 
will employ measurements in both planes. Figure 7a 
shows the near field region in the stratified jet, 
where the inertial forces dominate, and where the 
jet structure closely resembles that of the homo­
geneous case. Somewhat further downstream (Figure 
7b) the buoyancy forces begin to have a noticeable 
effect on the turbulent structure, as compared to 
the homogeneous case (Figure 7c). As expected, wi th 
a density gradient present the turbulent puffs do 
not spread as far as in the homogeneous case and 
tend to fall back toward the core region. The 
latter behavior is to be further contrasted with 
the homogeneous case wherein the puffs continue to 
move away from the core (this is rather apparent 
in the motion picture sequence). The anemometer 
measurements were taken in the region depicted by 
Figures 7b and 7c. The suppression of the turbu­
lent puffs and the mean jet growth, at larger down­
stream distances (in the stratified case), is 
illustrated in Figure 7d where it is noted that the 
vertical growth has nearly ceased. These qualita­
tive observations regarding the wake growth and the 
extent of the excursions of the turbulent puffs 
agree with the turbulent-stratified wake data 
shown previously (Figures 2 and 3).
At the axial location studied with the hot- 
film probes (x/d = 80.5) the mean velocity pro­
files for the stratified and homogeneous cases were 
nearly the same, Figure 8. The intermittency dis­
tributions, using the slope criterion mentioned 
above, are shown in Figure 9, labeled "homogeneous" 
and, "Stratified-fixed k " (implying a constant 
trigger level - the same for both cases). The 
intermittency at a given radial location is 
considerably greater in the homogeneous case. 
Further, it appears that the distribution is wider 
in the stratified case. These results clearly con­
flict with the qualitative observations discussed 
earlier. In fact, one would expect the stratified
*The movie segment was shown as part of the 
presentation at the symposium.
y-distribution to be somewhat flatter than the 
homogeneous result near the center of the jet and 
thereafter to fall off more steeply, reflecting 
the reduction in the magnitude of the excursions 
in the turbulent front. It follows that a re- 
evaluation of the intermittency criterion is 
necessary if one wishes to use the intermittency 
function as a tool in exploring the difference 
between stratified and homogeneous turbulent front 
behavior.
Re-interpretation of the Intermittency Criterion
Before proceeding, it may be of some use to 
briefly review our objective. The basic problem 
is as follows: given some statistical descrip­
tion of the motion of the turbulent front as a 
function of axial distance (supplied in part by 
the family of intermittency distributions), one 
would like to infer some relevant statistical 
properties of the random internal wave field which 
it generates. Similar problems have been 
addressed in the past; for example, the viscous- 
inviscid interaction problem in supersonic aero­
dynamics, or the problem of turbulence noise 
generation in the field of acoustics. In any 
practical situation, the effect of buoyancy forces 
varies with axial distance - from nearly homo­
geneous behavior in the near-field, to radically 
modified behavior in the far-field. Therefore, 
to do the first part of the problem, it is neces­
sary that a consistent intermittency criterion 
be established which, correctly models the behavior 
of the turbulent front statistics over a wide 
range of the effect. As we have just 
seen, the standard method of setting a 
threshold on the value of the velocity derivative 
in a given bandwidth is not adequate; that is, 
given a fixed threshold, the effect of stratifi­
cation is to change the y-distribution in a manner 
contrary to intuition and qualitative observation.
Since the mean flow profiles at the location 
of interest are nearly the same in the stratified 
and homogeneous cases (Figures 6 and 9) but the 
temporal details of the total velocity signal 
are apparently different, one is led to the con­
clusion that the detailed turbulent structure 












































































































































































































































































































































































































































































MEAN FLOW VELOCITY PROFILES
Figure 8. Mean flow velocity profiles
Figure 9. Comparison of intermittency distributions 
at x/dg = 80.5
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Further Resultsthreshold value associated with the turbulent flow 
is different. This conclusion is supported by the 
substantial differences observed in the intensity 
distributions for the total signal (not conditional) 
as shown in Figure 10.* The high values are 
believed to be typical of low-Reynolds-number jet 
flows, and the differences may be attributable to 
a high degree of anisotropy in the stratified case.
The intermittency criterion based on du/dt 
is related directly to the amplitude of fluctua­
tions of u' since as mentioned above the derivative 
is numerically evaluated over a fixed frequency 
bandwidth. This implies that to account for the 
differences in the turbulent structure, the inter­
mittency criterion for stratified flows could be 
modified by some measure of the change in the 
amplitude of local velocity fluctuations. To 
indicate whether such a modification might 
explain the observed results, the trigger level 
for the stratified case at each radial location 
was multiplied by the ratio of the local intensity 
in the stratified case to that of the unstratified 
case. u's2/u^2 (for the total signal), which can 
be taken as a rough measure of the effect of the 
stratification. This modification substantially 
improves the computed results as shown by the 
variable ky curve in Figure 9; i.e., the distri­
bution is narrower than the homogeneous case and 
lies closer to the homogeneous distribution.
Further evaluation of the intermittency criterion 
is obviously needed. This problem, however, is 
hardly resolved for the homogeneous case, much 
less for the stratified case, where the non- 
turbulent fluid is rotational. As a result, the 
turbulent front interface becomes "fuzzy" in a 
stratified fluid, particularly at large downstream 
distances.
*
The decrease in the intensity near the jet axis is 
in qualitative agreement with previous longitudinal 
intensity measurements in unstratified flows, (10- 
12) although the actual values obtained in the pre­
sent tests may be somewhat in error due to noise 
encountered during probe calibration at high 
speeds. However, the intensity distributions for 
both cases over the region of interest (i.e., 
where y varies appreciably) are considered to be 
sufficiently accurate.
A plot of the intermittency data on a proba­
bility scale, Figure 11, illustrates that through­
out most of the intermittent region the homogeneous 
data follows a normal distribution. This is in 
agreement with the Corrsin and Kistler (8) result, 
which is also shown for the same axial location; 
the higher standard deviation (related to the slope 
of the distribution) is believed to be due to the 
substantially higher Reynolds numbers used to ob­
tain their data. The data points near the jet 
axis (as y ■+ 1) do not follow the normal curve.
This may be partly a matter of statistical accuracy 
(or more properly inaccuracy) as the number of non- 
turbulent points encountered at high y is rather 
small for the data sample obtained. In any event, 
it is not clear whether a Gaussian distribution 
should be expected - especially in stratified flow. 
Unfortunately, for the stratified case shown in 
Figure 11, the number of points obtained is in­
sufficient to test normality. However, if all the 
points are considered to be valid, the distribution 
is surely not normal. If a normal distribution is 
assumed to hold over the central region, the 
standard deviation of the intermittency distribution 
using the revised criterion is slightly less than 
that of the homogeneous case, indicating the 
narrower spread of the mixed region and smaller 
excursions of the turbulent puffs into the surround­
ing fluid.
CONCLUDING REMARKS
The analysis of these preliminary tests is still 
in progress; conditional and conventional statisti­
cal averages of the hot-film probe data will be 
obtained as will the results of the instantaneous 
conductivity probe measurements. Future and more 
refined tests will consider measurements in both 
the horizontal and vertical directions (in the 
stratified field) and the axial development of the 
turbu1ence-intermittency properties. It is also 
planned to use crossed-film probes in these studies. 
If and when a suitable intermittency criterion is 














Figure 10. Streamwise turbulence intensity
Figure 11. Intermittency distributions probability scale
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computed and the results applied to the overall 
problem at hand: the relationship between the 
intermittent turbulent flow and the internal wave 
field.
To summarize, the results to date have indi­
cated that in the presence of a stratified field 
a turbulent jet will have a substantially reduced 
extent of penetration of turbulent puffs into the 
non-turbulent region, resulting in greatly in­
hibited vertical growth and the random generation 
of internal waves. Quantitatively, the data indi­
cate that more effort must be put into the develop­
ment of a practical intermittency criterion, per­
haps one using a variable threshold based on 
some combination of local flow conditions, if one 
is to be able to distinguish between the 
instantaneous turbulent and non-turbulent regions 
in stratified flows. There is some indication 
that the intermittency for a jet in a stratified 
fluid may not be normally distributed, but this 
point needs to be more firmly established.
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